Aquifer Storage and Recovery (ASR) was a pilot project for solving flood and drought problem in the northern part of Chao Phraya River basin, Thailand. This part of Thailand always faces flooding in rainy season and drought during dry season every year. The overexploitation of groundwater during dry season leads to continuously decline of water level in this area. In this project, the excessive surface water during rainy season was stored by injection of this treated surface water through recharge wells into the underground aquifers. This would serve to raise the water level, which can be extracted for use during the dry season. To assess the efficiency of the ASR process some tracers are required. The aim of this study is to prove the suitability of natural tracers to follow up the artificial recharge process; emphasis will be placed on Strontium (Sr) isotopic composition. The results showed that the change in 87 Sr/ 86 Sr ratios could be observed during an artificial recharge due to the different isotopic fingerprint of surface water and groundwater. However, the flow direction of the injected water cannot be clearly interpreted because of the limited number of monitoring wells, small distance between each monitoring well and the short duration of injection.
Introduction
The Upper Chao Phraya River basin is a mountainous area alternately with low land area along the river, which is located in the northern part of Thailand and covers the administrative area of Phichit, Pitsanulok and Sukhothai provinces. The basin is composed of four main sub-basins: Ping River, Wang River, Yom River and Nan River, which feed into the Chao Phraya River (Figure 1) . The annual rainfall in this area ranges from 1000 to 1500 mm with 80% -90% occurring between May and October [1] . This causes flooding in rainy season and drought during dry season every year, especially in the Yom River sub-basin. The Yom River is the only river in this basin with no storage dam to control the surface water. The construction of a storage dam on Yom River basin was recommended in 1973. However, due to the high costs, long construction period and environmental impacts, the project has not been completed. The groundwater was suggested as an intermediate solution to solve the shortage problem during dry season. But in the fact, it is extensively used for agriculture [2] . The Sukhothai Groundwater Project is the first groundwater irrigation project in Thailand and is located on Sukhothai plain on both sides of the Yom River in Sukhothai province. Groundwater was extracted from more than 200 wells for agriculture covering an area of 71,000 rais (113 km 2 ) . In 1989 about 50 million m 3 of water were pumped from the aquifer, which is higher than the safe yield value of 40 million m 3 /year. The overexploitation of groundwater leads to the continuous decline of the groundwater level in this area.
In 2008, the Department of Groundwater Resources initiated a project to solve the drought problem by the Aquifer Storage and Recovery (ASR) Method, including the design and construction of an ASR station. ASR relies on storing available or excess water in an aquifer as an artificial recharge to be recovered when needed. The artificial recharge test was performed previously in 1973 for mitigation of land subsidence in the Bangkok area. The main problems which occurred during the test were clogging and outbreaks of injected water ca 10 m away from the recharge well [3] [4] .
The aim of this study is to assess the use of strontium isotopes and rare earth elements (REE) to determine the flow paths during the artificial recharge of surface water into the aquifers. Strontium isotopes have been proven as an effective tracer because they occur naturally and are not fractionated by geochemical reactions (e.g. mineral dissolution and precipitation) [4] - [6] . The difference in strontium isotope ratios reflects the different sources of strontium, which is usually associated with the weathering source. Therefore, this strontium ratio can be used to identify mixing sources and pathways [7] . pleted, the recharged water was stored in the aquifer for a period of ca. 2 weeks as to complete the homogenization between the recharged water and original groundwater in the aquifer. The recovery of the recharged water for use was performed by extraction of 1 to 2 times the net volume of injected water by using a submersible pump, which was installed in the recharge well. In 2012 and 2013 long term ASR testing was performed by the pump pressure method. The details of long term ASR testing are summarized in Table 1 .
Sampling and Analytical Methods
To obtain hydrochemical and isotopic data, groundwater samples from 8 shallow aquifer monitoring wells (MWS1-MWS8) and groundwater samples from deep aquifer monitoring wells (MWD1-MWD8) were collected. In 2012 before injection started, the groundwater samples from the deep-and the shallow aquifer monitoring wells were collected for rare earth elements and Sr-isotope analyses. After the injection was completed, only groundwater samples from the deep aquifer were collected again for Sr-isotope analysis to compare the results with the ones before injection. In 2013 groundwater samples were collected from both the shallow and the deep aquifer for analyses of Sr-isotope, stable isotopes (δD and δ 18 O), anions and REE. The sampling was separated into four periods, namely: before injection (1 time, event 0), during injection (3 times, event 1 -3), aquifer storage (1 time, event 4) and groundwater extraction (2 times, event 5 -6) as shown in Table 1 . For comparison, samples from rain water, surface water (Yom River) and injected water were also collected. For the third event, the samples MWD4, MWD5, WWD8 were not collected as well as the samples MWS4, MWS5, WWS8 from the second and the fourth event.
All samples due to be analyzed for rare earth elements and Sr-isotope measurements were filtered through a 0.45 µm membrane filter and acidified to pH 2 with concentrated double-distilled HNO 3 . Water samples collected for rare earth elements were determined by ICP-MS on a PerkinElmer DRC II (Sciex, Canada) at the Geoscience Centre at The University of Göttingen (GZG, Germany). Non-acidified water samples for stable isotopes (δD and δ 18 O) measurement were analyzed by Liquid Scintillation Counter (Tricarb 3180 TR/SL) after electrolytic enrichment and Major anion were measured by Dionex, ICS-3000 at the Thailand Institute of Nuclear Technology (TINT). Sr concentrations and isotopic compositions were determined using a Thermo-Finnigan Triton © TIMS at the Geoscience Centre at The University of Göttingen (GZG, Germany). Prior to digestion, samples were mixed with a tracer solution enriched in 87 Rb-84 Sr. Detailed description of the analytical procedure for water samples are given in [4] and [8] . Throughout this work a value of 0.710267 ± 0.000041 (2σ) for the NBS 987 (n = 10) was observed. Instrumental mass fractionation was corrected with a 88 Sr/ 86 Sr ratio of 0.1194 using exponential law. Sr ratios are plotted against the reciprocal Sr concentration of deep aquifer groundwaters before and after injection. The hypothetical mixing line for binary mixing would have a linear trend connecting the end members. Some of the data (i.e., MWD1, MWD2 and MWD6) follow a linear trend between the injected water and the groundwater samples before injection, representing the points after injection in-between, more or less close to the mixing line. The abundance of the injected water component in each groundwater sample can be calculated by equation 
Results

Initial Long
Subscripts A, B and C refer to injected water, groundwater sample before injection and groundwater sample after injection respectively [9] .
The groundwater samples after injection in MWD1, MWD2 and MWD6 may contain about 12%, 9% and 21% injected water component, respectively.
In addition to the above discussed analyses, all samples were investigated for their rare earth element concentrations (Appendix). The REE concentrations show the characteristic zigzag pattern according to the Oddo-Harkins Rule [10] - [12] . The heavy REE concentrations (Eu-Lu) in most samples are below detection limit. The REE concentrations in surface water samples are relative high compared to those in groundwater samples. The REE concentration pattern can be smoothed out by normalizing the REE on an element by element to some standard. In this study, REE abundances are normalized to the upper continental crust (UCC) [13] and plotted on logarithmic scale as shown in Figure 5 . Deep aquifer groundwaters and Yom River sample show a relatively flat to slightly enriched pattern in medium REE (MREE) relative to the light REE (LREE). Furthermore, a systematic variation of the rare earth elements concentrations before and after injection has been observed. After injection, the REE concentrations of all deep aquifer groundwater samples have been increased. The rise of REE concentrations can be also used to estimate the amount of injected water in each monitoring wells. In this study, the concentrations of La were chosen as a tracer. Binary mixing is supposed between injected water and groundwater before injection as representing the end members. The results of the calculated mixtures are shown in Figure 6 and indicate the flow direction of injected water to be in southeastern. During injection water began to flow in every direction and headed in southeast direction. After injection the water was stored in the aquifer for 13 days to complete the homogenization between the injected water and the original groundwater in the aquifer. The groundwater was extracted from recharge well RWD2 at a rate of 55 -56 m 3 /hr. Water levels in the monitoring wells are lower than the statistic water levels before injection by about 3 m and water level of RWD2 recharge well is lower than that before injection by about 8 m. 
Strontium Isotopes
1) Shallow Aquifer
Before injection, the groundwater in the shallow aquifer can be clearly differentiated from the groundwater in the deep aquifer by distinct Sr isotopic compositions. The Shallow aquifer in this study case can be classified by low Sr content and high Sr ratios of the shallow aquifer before injection, during injection, storage and during extraction were interpolated by ArcGIS program as shown in Figure 8 and Figure 9 . Before injection, the groundwater in this aquifer had relatively high 87 Sr/ 86 Sr ratios compared to the injected water, which had mean the 87 Sr/ 86 Sr ratio of 0.70956. Figure 8 shows the dispersion of injected water during injection and storage period. The result shows that the down gradient monitoring well MWS3 is the most affected by the injected water that flowed outward in the southwestern direction. The 87 Sr/ 86 Sr ratios were close to that of the injected water. Whereas the 87 Sr/ 86 Sr ratios in the monitoring wells farther away from the recharge well were relatively constant with standard deviation of ±7*10 -5 , ±9*10 -6 and ±2*10 -5 for the monitoring wells MWS4, MWS5and MWS8, respectively.
2) Deep Aquifer
The deep aquifer can be classified by high Sr content and low 87 Sr/ 86 Sr ratios, which ranged from 0.107 to 0.134 µg/g and 0.70923 to 0.70965 respectively. The variation in 87 Sr/ 86 Sr ratios for the deep aquifer before injection, during injection, storage and during extraction are shown in Figure 9 . Before injection, groundwater in this aquifer had relative low 87 Sr/ 86 Sr ratios compared to the injected water, which had the mean 87 Sr/ 86 Sr ratio of 0.70956. Figure 9 shows the dispersion of the injected water during injection and storage period. The result shows that the injected water started with omnidirectional flow, reached MWD3 before entering MWD6 and headed in the southern and southwestern directions. The change of 87 Sr/ 86 Sr ratios in MWD4, MWD5 and MWD8 is insignificant and can be considered as constant values. This means that the injected groundwater did not reach the outside wells. After extraction, the 87 Sr/ 86 Sr ratios seemed to return to the original values before injection. Sr ratios of the shallow aquifer before injection, during injection, storage and during extraction.
Anions
Concentrations of Anions (Br, Cl, F, NO 3 , PO 4 and SO 4 )of the groundwater from the shallow and deep aquifer monitoring wells, injected water and surface water (Yom River) are summarized in Appendix II. Br and PO 4 concentrations in most water samples are below detection limit. F and NO 3 concentrations in the shallow and in the deep aquifer are lower than 0.7 and 3.3 ppm, respectively. SO 4 concentration ranges from 3.3 to 27.9 ppm. Cl concentrations in injected water (18 -23 ppm) were significantly higher than those in the deep and shallow aquifers (4 -13 ppm). The high difference in Cl concentration between the injected water and the groundwater in the aquifer can be used to trace the flow of injected water as shown in Figure 10 and Figure 11 . 
1) Shallow Aquifer
In the shallow aquifer the injected water started moving with omnidirectional flow, it reached the closest downgradient monitoring wells MWD3 and MWD1 before entering MWD7, MWD6 and MWD2 as shown in Figure 10 . Only a small amount of Cl could be detected in MWD4, MWD5 and MWD8. Thereafter the groundwater flowed in a south-southwestern direction in accordance with the regional flow direction. During extraction the Cl concentrations have gradually decreased. The extraction was preferentially performed from the downgradient wells and the injected water could be completely extracted from the shallow aquifer. After extraction, the Cl concentration seemed to return to the original values before injection.
2) Deep Aquifer Figure 11 shows that the injected water started with omnidirectional flow, reached the closest monitoring wells MWD3 and MWD7 before entering MWD2 and MWD6. The injected water flowed in east-later in southwestern direction. Only a small amount of Cl could be detected in MWD4 and MWD8. Whereas the change in the Cl concentration in the distant downgradient wells MWD5 was insignificant. This means that the injected water reached the downgradient monitoring wells MWD5 and MWD8 only in small amounts. During extraction the Cl concentrations have gradually decreased. Nevertheless, the extraction was not completed as planned because Cl could still be found in some wells.
Stable Isotopes (δD and δ 18 O)
The variation of stable isotopes (δD and δ 18 O) are summarized in Appendix II. The δD and δ 18 O values in the injected water ranges between −48 ‰ to −38 ‰ and −6.5 to −4.5, respectively. The δD and δ 18 O in injected water during the beginning of injection was more enriched than that by the later injection. This could be the result of evaporation effect, which could have happened during the long storage period in the storage tank before injection. Figure 12 shows that the δD and δ 18 O are enriched in the first event and gradually become depleted from event 2 to event 6. The succession of δD and δ 18 O for the first event during injection is MWS6 ˃ MWS1, MWS7 ˃MWS3, MWS5, MWS2, MWS8 ˃ MWS4. In event 3 the succession of δD and δ 18 O has changed as follow MWS1 ˃ MWS3, MWS2 ˃ MWS6, MWS7, MWS8 ˃ MWS4, MWS5. This means that during injection groundwater in the shallow aquifer started to flow in every direction because the close monitoring wells are more affected and then the water heads to the southwest direction. After extraction, the δD and δ 18 O changed values close to those of the native groundwater before injection.
1) Shallow Aquifer
2) Deep Aquifer Figure 13 shows that the δD and δ 
Rare Earth Elements (REE)
REE concentrations of shallow and deep aquifer monitoring wells are summarized in Appendix III. REE concentrations of injected water varied strongly within the time of investigation. The change in the concentrations of the Yom River seems to vary strongly as an effect of meteoric waters draining into the river. This is shown in Figure 14 for the Ce-concentration representing the most abundant element. The Ce concentration increased after heavy rainfall. Therefore, it is not possible to model the movement of water based on REE concentrations as it was for Sr-isotopes. 
Discussion
In this study Strontium isotopic ratio ( 87 Sr/ 86 Sr), stable isotopes (δD and δ 18 O), chloride concentration and REE concentration were used to trace the flow path during injection and extraction within ASR project to prove the suitability of natural tracers and to evaluate the achievement of this project. Results from all tracers show a similar trend of the flow path with omnidirectional flow at the beginning of injection and then headed to the southwestern direction in accordance with the regional flow direction. Only the result of La concentration by initial long term ASR testing in year 2012 show the flow in southeastern direction. Obvious variations can be found in the monitoring wells close to the recharge wells (MWS1, MWS2, MWS3, MWS6, MWS7, MWD1, MWD2, MWD3, MWD6, MWD7). Only small variations can be found in the monitoring well farther away from the recharge wells (MWS4, MWS5, MWS8, MWD4, MWD5, MWD8). The results from the tracers also show that the efficiency for recharge and extraction of the shallow aquifer is better than the deep aquifers.
Strontium is an appropriate tracer because it occurs naturally and is neither affected by geological processes nor fractionation [4] 86 Sr ratios can be observed, especially for the monitoring wells, which are close to the recharge well either in the shallow or in the deep aquifer. An important thing that must be taken into account is the difference in values of 87 Sr/ 86 Sr ratios between the injected water and the native groundwater in the aquifer. Some results of the groundwater samples are different from the injected water by the fifth decimal place only. Therefore, it is not easy to distinguish, if those values are the result of mixing or not. Stable isotopes (δD and δ 18 O) can be usually used to characterize groundwater from different sources. The problem for this study is the inconsistence of the δD and δ 18 O composition in the injected water due to fractionation that occurs during evaporation and it is not easy to control the constant values of δD and δ 18 O in injected water. Consequently, δD and δ
18
O are not the suitable tracers for this study case. Cl concentration was also used as a tracer in this project because of the concentration difference in injected water and native groundwater. Cl concentration in treated water are 2 -5 times higher than that in the groundwater and can be considered as a suitable tracer for this project.
Moreover, it is obvious that opposite to the behavior of REE in brines where the concentrations stayed nearly constant over years [16] , the present groundwater samples varied strongly within the time of investigation. The change in the concentrations of the Yom River seems to vary strongly as an effect of meteoric waters draining into the river. Nevertheless, there is a big difference in the REE concentrations between the Yom River water and the injected water. This is related to the fact that the river water before injection is treated with polyaluminum chloride to avoid the formation of colloids, which might clock the injection. These colloids are precipitated in the clarifier tank before injection.
The injected water changes in concentration with respect to the REE during injection and storage as further complex fractions due to reaction with organic matter is produced in the aquifer, therefore it is not possible to model the movement of water as it was for Sr-isotopes.
Nevertheless, the flow path of groundwater in this project cannot be clearly interpreted because of the limited number of monitoring wells, small distance between each monitoring well and short duration of injection.
Conclusions
ASR is one of the alternative technologies that could be applied for solving the drought problem in dry seasons for certain application such as agriculture, consumption and industrial uses. To assess the efficiency of the ASR process, some tracers are required. In this case, the concentration of Cl in injected water is higher than the native groundwater in the aquifer, due to the addition of NaOCl for disinfection purposes during the treatment of surface water before injection. Therefore, Cl concentration can be used as an appropriate tracer to track the process during the artificial recharge. However, for a long-term study the 87 Sr/ 86 Sr ratios should be a more suitable tracer, because of their precision. Strontium isotopes are sensitive indicators. Although the changes of 87 Sr/ 86 Sr ratios in some water samples are small, they are significant. Small amount of contaminants can be already detected by changing the 87 Sr/ 86 Sr ratios. They are not affected by fractionation or mineral precipitation. The isotopic fingerprints of groundwater and surface water can be easily used to track the artificial recharge process, especially when the difference in 87 Sr/ 86 Sr ratios of the injected water and native groundwater is significant. The isotopic changes of groundwater in the aquifer resulting from injected water can be traced.
The tracer characteristic of Sr isotopes should be useful for the government to manage groundwater exploitation and groundwater conservation for sustainable use, such as to track the sea water intrusion into the aquifers or to track the illegal groundwater abstraction, which are serious problems nowadays. 
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